ABSTRACT Several plasmids, each containing a segment of DNA capable of conferring mitotic stability on the arsl vector YRp7 replicating in yeast (Saccharomyces cerevisiae), have been isolated from a yeast genomic library by direct selection for stable plasmid maintenance. The mitotic-stabilizing sequences fall into two classes: (i) segments of the yeast "2-Itm" plasmid and (ii) DNA segments containing yeast centromeric DNA. Plasmids of the first class segregate 4+:O-through meiosis whereas the centromere plasmids segregate predominantly 2+:2-, as typical chromosomes. Previously identified centromeres from chromosomes 111 (CEN3) and XI (CENll), along with the CEN11-linked gene MET14, can be isolated by this direct selection procedure. In addition, several other unidentified centromere DNAs were obtained. There are no detectable sequence homologies between CEN3 and CENlI DNAs nor do these DNAs hybridize to the other yeast centromere regions.
The centromere region ofthe eukaryotic chromosome is ofcentral importance in the molecular events resulting in proper chromosome transport and segregation during mitosis and meiosis. Recently, the centromeric DNA from yeast (Saccharomyces cerevisiae) chromosome III was isolated by DNA cloning techniques and its structural and functional properties were described (1) . Hybrid plasmids containing this centromeric DNA sequence (CEN3) in combination with a yeast DNA replicator (arsl or ars2) (2, 3) and suitable genetic markers are stably maintained in yeast through both mitotic and meiotic cell divisions and exhibit typical Mendelian segregation (2+:2-) through meiosis. Thus, these minichromosomes behave in yeast as true aneuploid chromosomes and are valuable probes for the study of chromosome structure and function (1) .
The CEN3 DNA sequence was originally isolated by cloning the centromere III-linked genes, LEU2 (4) and CDCJO (5) , isolating the flanking regions by overlap hybridization screening (6) , and then testing the DNA segments from the CDC1O-LEU2 region for centromere function in yeast (1) . Similarly, the centromere from chromosome XI (CENii) has been isolated by cloning the centromere XI-linked gene MET14 and assaying the flanking regions for centromere function in vivo (unpublished results). However, these techniques are successful only when a genetic marker occurs reasonably close to the centromere and would not be generally applicable for use in eukaryotic systems that have not been subjected to extensive genetic analysis or contain runs of highly repetitive DNA sequences in the centromere regions.
We report here a direct selection procedure for the isolation of functional centromeric DNA from yeast chromosomes. The procedure depends on the pronounced mitotic stability ofplasmids replicating in yeast by using an ars replicator and containing a functional centromere (1, 2, 7) . By DNA Preparations. Purified plasmid DNAs were isolated as described (4) . Rapid bacterial plasmid preparations were carried out by a procedure modified from that ofHepburn and Hindley (9) . Yeast DNA for transformations of Escherichia coli was prepared as described (3), except that 10 mM Tris HCl (pH 7.5) was used in the lysis buffer instead of50 mM sodium citrate (pH 5.8) and the addition of 1 M Tris HCl (pH 8.0) was omitted. The yeast DNA preparations contain both chromosomal and plasmid DNA and can be used for gel electrophoresis and transformations. A yeast DNA hybrid plasmid library, cloned in the shuttle vector YRp7 (2), was constructed by K. Nasmyth and obtained from S. Reed (10) .
Yeast and E. coli Transformations. The transformation procedures have been described (3, 11) . In transformations of E. coli with yeast DNA preparations, 1 ,g ofColEl plasmid DNA was added to 100 u1 of transformation mixture to increase the yield of transformants.
Assay for Mitotic Stability of Plasmids in Yeast. Yeast transformants were grown nonselectively on YPD agar for 24 hr and then streaked for single colonies on YPD agar plates. The resulting colonies were replica plated onto both YPD and yeast minimal plates (Difco yeast nitrogen base/glucose/leucine/ adenine/arginine). The relative numbers ofTrp+ and Trp-colonies were scored after overnight incubation at 32°C.
Nucleic Acid Hybridizations. The preparation of32P-labeled DNA probes by nick translation has been described (6, 12 (14) and the presence of cloned 2-,um (sometimes termed "2 ,u") plasmid replicator DNA sequences (15) , these can readily be distinguished by a combination of Southern blot hybridizations (16) and meiotic tetrad analysis (1) .
The yeast genomic library was constructed by Nasmyth and Reed (10) Fig. 2B ).
As the yeast 2-,um plasmid is stably maintained through mitosis and meiosis, the pCH plasmids were checked for the presence of cloned segments of 2-gm DNA, which conceivably could stabilize an arsl vector. The plasmid DNAs were cleaved with EcoRI/HindIIl, and the resulting fragments were assayed for hybridization with 32P-labeled 2-,um DNA by the Southern blot procedure (16 Fig. 3A ). As previous studies have shown the CEN3 sequence to be unique (1, 5) , it follows that the DNA sequences cloned in pCH4 and pCH25 should be from transformants containing the 2-,um DNA-bearing plasmids (pCH21 and pCH27) and five other stable clones chosen randomly from the non-2-,um group (pCH3, 4, 9, 10, and 25) were crossed with strain X2928-3D-1C (a-trpl leul his2 adel ura3 metl4 gall), and the diploids were sporulated and the asci were dissected. Tetrads having four viable spores were scored for Trp+, Met+, and Ura+. The results (Table 3) show that, as expected, pCH plasmids containing 2-pum DNA sequences seg- Transformants in strain Z136-1-13C [a trpl adel leul gall arg4/pCH (TRP1 )] were crossed with strain X2928-3D-1C (a-trpl leul his2 ura3 adel metl4 gall). pCH4 and pCH25 contain CEN3 (see Figs. 2A and 3A) , whereas pCH21 and pCH27 contain yeast 2-Am DNA sequences (see Fig. 1 ).
PD, parental ditype; NPD, nonparental ditype; T, tetratype. * Values in parentheses represent percent of total.
regate 4+:0-(for example, pCH21 and pCH27) whereas, in the crosses with the five randomly chosen clones, the plasmid marker segregated predominantly 2+:2-. In the latter cases, when the TRPI + plasmid marker was scored against the chromosomal centromere reference markers, metl4 and ura3, mainly parental ditype and nonparental ditype asci were obtained, indicating that the plasmid TRP1 + marker is behaving as a centromere-linked gene. Thus, plasmids pCH3, 4, 9, 10, and 25 (and by inference the majority of the non-2-Arm group) are segregating as chromosomes and most probably contain cloned centromeric DNA. The occurrence ofa small proportion of 4+:0-and 0+:4-tetrads in these crosses (Table 3) is consistent with what has been observed previously in crosses where one parent contains a CEN3 minichromosome (1) and would not be expected if the minichromosome had integrated or recombined into the host genome. The Stable Plasmids Replicate Autonomously in Yeast. Several lines of evidence suggest that the stable pCH plasmids are replicating autonomously without integration into the yeast genome. As integration ofplasmids in yeast is normally a low-frequency event (14) , the observation that the pCH plasmid DNAs transform yeast trpl mutants with high frequency to yield uniformly stable TRP1 + transformants (Table 2) argues against integration as a mechanism to explain the stabilization. In addition, the meiotic segregation data (Table 3) is inconsistent with integration; 4+:0-and 0+:4-tetrads would not be observed with an integrated copy of the TRPI + gene, and all integration events would not be expected to occur near a centromere. The presence of unintegrated plasmid in the TRP1+ progeny from three of the crosses was shown by hybridization of 3P-labeled pBR322 DNA to Southern blots of fractionated restriction digests of total cell DNA isolated from strains bearing pCH3, pCH21, or pCH25 (Fig. 4) . In each case, the cell DNA was predigested with a restriction enzyme that cleaves the plasmid once in the pBR322 vector region (Pvu I for pCH3 and pCH25 and Sal I for pCH21). Single radioactive bands were observed, corresponding in mobility to control plasmid DNAs cleaved with the same restriction enzymes, indicating the presence of unintegrated plasmid in the yeast cells and the absence of integrated copies of pBR322 DNA.
The intensity of the hybridizing plasmid band is at least 20 times stronger in the case ofpCH21 transformant DNA, as compared with DNA from the pCH3 or pCH25 clones (Fig. 4, lane  c vs. lanes b and d) . This result is consistent with the data discussed above, indicating that pCH3 and pCH25 contain cloned centromere DNA and are thus controlled to a single copy per cell (2+ :2-segregation) whereas pCH21 contains a 2-,um DNA segment and occurs in multiple copy number. (12, 13) . The chosen restriction enzymes cleave the plasmids once in the pBR322 portion of the sequence. The faint hybridization bands seen in all tracks, including the control (lane a), are due to slight crosshomology between the yeast 2-,um plasmid and pBR322, previously described by Strathern et al. (17) . plasmids is a low-frequency event, and the vast majority of transformant clones selected on the basis of mitotic stability contain plasmids having cloned mitotic-stabilizing DNA sequences. In this study, at least 25% and perhaps as many as 48% ofthe stable transformants contained plasmids with cloned centromeric DNA sequences and 41% contained 2-pum-derived plasmids.
It is evident that the selection method described here is capable of cloning authentic centromere DNA sequences; previously characterized centromeres from chromosomes III and XI (CEN3 and CENIl), along with the CENII-linked gene MET14, have now been isolated from genomic libraries by the direct selection technique (pCH2, 4, and 25). We have assumed that the other cloned sequences that confer mitotic stability and relatively stable 2+:2-meiotic segregation on plasmids are centromeric sequences from other yeast chromosomes. This can eventually be confirmed by the identification of known centromere-linked genes on the flanking regions. An alternative, but less likely, possibility would be that yeast genomic DNA contains masked centromere sequences that become active only on cloning into a plasmid.
The meiotic segregation characteristics of the new centromere-containing plasmids obtained in this study are typical of what was observed previously with the CEN3 (1) and CENii (unpublished results) minichromosomes. In aneuploid crosses in which only one parent carries the minichromosome, the genetic marker on the minichromosome segregates 2+ :2-in the majority (57-87%) ofthe tetrads but 4+ :0-(9-27%) and 0+ 4-(5-30%) tetrads are also obtained (Table 3) . Recent studies (unpublished data) suggest that the 4+:0-tetrads are due to diploidization of the minichromosome in a small fraction of the diploid cell population. In no case does pairing of the minichromosome with the corresponding normal chromosome seem to occur; asci that have two nonviable sister spores are not obtained. Two minichromosomes in the same sporulating diploid do tend to segregate to opposite poles in meiosis I, however (ref. 1; unpublished data).
The results ofthis study extend our previous observation that the chromosome III CEN3 sequence is unique (1, 5) . Southern hybridization comparisons indicate that CEN3 and CENI1 DNAs are not homologous to one another or to the other centromere sequences isolated in this study (Fig. 2) . In fact, no cross homologies can be detected among these yeast centromere DNAs, even under hybridization conditions capable of detecting a contiguous 15-bp homologous region (18) . The biological significance ofthis observation is still unclear, especially as the centromere regions must all bind to protein components of the spindle apparatus. The possible existence of unique nuclear binding sites or centromere binding proteins for each chromosome can now be investigated experimentally, using as probes the functional centromeres and minichromosomes isolated in this study.
Finally, selection for mitotic stabilization represents a promising approach for the isolation of functional centromeric DNA from eukaryotes other than yeast. This could be done either by selecting in yeast for foreign DNA sequences capable of stabilizing ars vectors or, more directly, by cloning DNA segments from a given organism into vectors capable ofreplicating unstably in cells of the same organism or a closely related species, selecting directly for mitotic stabilization. Centromere-containing minichromosomes capable ofreplicating stably in eukaryote cells will be valuable not only as cloning vectors for the introduction and study of genes but also as model systems for investigations of chromosome structure and function.
